Abstract: Multimode fibers can guide thousands of modes capable of delivering spatial information. Unfortunately, mode dispersion and coupling have so far prevented their use in endoscopic applications. To address this long-lasting challenge, we present a robust scanning fluorescence endoscope. A spatial light modulator shapes the input excitation wavefront to focus light on the distal tip of the fiber and to rapidly scan the focus over the region of interest. A detector array collects the fluorescence emission propagated back from the sample to the proximal tip of the fiber. We demonstrate that proper selection of the multimode fiber is critical for a robust calibration and for high signal-to-background ratio performance. We compare different types of multimode fibers and experimentally show that a focus created through a graded-index fiber can withstand a few millimeters of fiber distal tip translation. The resulting scanning endoscopic microscope images fluorescent samples over a field of view of 80µm with a resolution of 2µm.
Introduction
Endoscopic imaging is typically based on single mode fiber bundles, GRIN lenses or hybrid systems of fiber optics and mechanical actuators [1] . The cross section of these devices typically ranges from half a millimeter up to a few millimeters, which makes them unsuitable for the most demanding biological applications such as deep live neuron imaging and optogenetics. Lately, the ability to control light propagation in complex media has restored the old idea [2] of transmitting images through a multimode fiber (MMF). MMFs have the advantage of a small cross section down to tens of microns and the ability to bend into small angles. On the other hand, the excitation of multiple transverse modes with different propagation velocities produces a speckle field, product of the interference among all of the propagating modes, dismissing the MMFs as a standalone imaging device. Lately, a variety of new ideas using digital phase conjugation [3, 4] and wavefront shaping techniques [5] [6] [7] [8] [9] have demonstrated the possibility of controlling the propagation of these modes showing their imaging potential. Papadopoulos et al. [3] use digital optical phase conjugation to calibrate a MMF and create a focus in every point at the tip of the fiber, converting the MMF into a scanning fluorescence microscope. Their method is capable of imaging in-vitro neurons with 1-3µm lateral resolution. A different approach [5] calibrates the input-output relation of the MMF using an orthonormal set of illumination patterns. The calibrated MMF can be used for fluorescence imaging and optical trapping. A further different method measures and stores each speckle field created at the proximal tip of a MMF for various input fields at the distal tip, enabling the reconstruction of the brightness of an object placed at the distal tip [6] .
Unfortunately, none of these techniques has so far overcome the problems arising from fiber perturbations (e.g. shape changes, temperature) that produce mode coupling. Two solutions have been proposed to compensate for such perturbations. One of them uses a realtime re-focusing system, based on feedback and wavefront control, able to focus light at the distal tip while the fiber is bent [9] . Still, the requirement of accessing the distal tip, makes it difficult to implement in vivo. A second creative solution uses a single mode fiber and a holographic film in conjunction with the MMF to create a virtual beacon source at the distal tip of the fiber [4] enabling digital phase conjugation compensation of fiber bending. Furthermore, recent advances in theoretical models [10] have shown the possibility of predicting the bending angle based on the analysis of the transmission matrix of the fiber, and its potential for image correction.
As an alternative, it would be useful to reduce the effect of perturbations in the fiber calibration. In this manuscript, we evaluate the effect of perturbations at the distal tip of the fiber, and show how a proper fiber selection and system design can mitigate the mode coupling/dispersion so that the fiber calibration becomes robust to such changes. Furthermore, we show the importance of the speckle contrast in MMF to produce a high signal-to-background scanning foci and relate it to the specific fiber type.
The manuscript is divided as follows: in Sec. 2 we revise the transmission matrix approach used in the experiments and in Sec. 3 we present the optical setup to calibrate the MMF and to evaluate the robustness of the calibration. In Sec. 4 we compare the performance of four different MMF. In Sec. 5 we explore the relation between speckle contrast and the enhancement of a focus created with knowledge of the transmission matrix. In Sec. 6 we show the capabilities of the MMF used as a scanning fluorescence endoscopic microscope and evaluate its performance. In the last section, we discuss the implications of this work for the advancement of microendoscopy.
Principle of operation
Using a MMF as an optical element requires knowledge of the relation between any optical field launched at the proximal tip of the fiber and the resulting optical field at the distal tip. Theoretically, MMFs can be modeled as uniformly cylindrical waveguides, solving the wave equation to find the analytic expression of the propagating eigenmodes, which depend on the index distribution [11] . However, modes propagate with different velocities, generating a complex interference pattern at the output of the fiber resulting from the scramble of the relative phases of the modes. Furthermore, the coupling among modes as they propagate along the fiber is hard to predict because of fabrication defects, bends and temperature changes. Therefore, an experimental calibration that measures the relation between the corresponding optical fields at the proximal tip and at the distal tip is required. Typically, this relation is represented by the transmission matrix (TM), t, part of the more general scattering matrix, S, which also includes the reflection terms, r. The relation is expressed mathematically as 
where a + and b -are the input fields launched at the closer and distal tips respectively, and a -and b + are the output fields from the closer and distal tips respectively (Fig. 1 ). Because only a discrete set of modes can propagate inside the MMF, the optical field at the distal tip is determined by the summation of each mode's contribution 
To measure t experimentally, instead of using the theoretical eigenmodes of a given MMF, we implement a similar approach to the one developed in the context of focusing light through scattering media [12] . We divide the incident wave into N spatial input modes, where each spatial mode is defined by a squared macro-pixel in the spatial light modulator. We use the elements of a Hardamard basis set as the input fields. This approach is more suitable for our experiment because of the square geometry of the phase-only spatial light modulator. Each Hadamard element projected is surrounded by a constant phase frame that switches its phase value between 0, π/2 and π. From the intensity measurements at the distal tip for each of the three different frame phase values, we reconstruct the field exiting the distal tip of the fiber [13, 14] . Therefore, the element of the experimental transmission matrix [12] corresponding to the n Hadamard element is calculated using 
After all the elements of the basis set are measured, we can calculate the optimal phase mask using During the calibration, each Hadamard element illuminates the proximal tip of the MMF and produces a different speckle pattern at the distal tip. We extract the phase of each output mode to build the TM. Bottom: The TM provides information to calculate an optimized mask that creates an optical focus at the distal tip.
Experimental setup
To use a MMF as an endoscope, we first calibrate it measuring its transmission matrix using the experimental apparatus shown in Fig. 2 
(a). A digital micro-mirror device (DMD TI-DLP
Discovery 4100) controls the phase of the input wavefront using off-axis computer-generated holography [14] . A custom driver designed to interface the FPGA board from the DMD using Matlab allows for high-speed feedback operation. The FPGA board receives the phase values via USB and uses a lookup table with Lee Holograms corresponding to eight phase values between 0 and 2π to send the correct pattern onto the DMD [15] . Using this approach, the data sent through the USB cable is minimized to increase the refresh rate of the DMD when feedback is required. The spatial light modulator is imaged onto the back aperture of a 20x microscope objective, which couples the light onto the MMF. The distal tip of the fiber sits on a 2D translation stage and is imaged onto a CMOS camera using a 40x microscope objective. The system allows us to controls up to 4096 spatially independent input modes to measure the transmission matrix of the MMF using a Hadamard orthonormal basis set [12, 14] , as explained in the previous section. With knowledge of the transmission matrix, it is possible to create almost arbitrary intensity distributions at the distal tip of the MMF. Figures 2(b) and 2(c) show two examples of multiple foci generation. In particular, for fluorescence imaging, we scan a focus spot across the sample, which defines the pixel location in the final image. The distal tip of the MMF collects the fluorescence emitted photons, which are directed to an EMCCD (Andor iXon3) at the proximal tip of the fiber. A dichroic mirror (Thorlabs DMLP567 longpass at 567nm) and a fluorescence filter are used to reject the excitation photons. Note that the EMCCD could be substituted with an avalanche photodiode or photomultiplier tube for faster operation because it acts as a bucket photon collector of the fluorescence photons coming back through the fiber. After the focus scanning is finished, a fluorescence image is reconstructed. The DMD scans the focus at high speed by direct control of the local FPGA. The theoretical resolution of the system is limited by the size of the speckle created by the MMF, which is a function of the illumination wavelength and the numerical aperture of the fiber. 
Robustness of the endoscope calibration
An important aspect to consider in a MMF endoscope is the resilience of the calibration to external perturbations. The part of the endoscope that is most likely to suffer those perturbations is the distal tip of the MMF, for instance when inserted into the sample. We compare four different commercial MMFs that are representative of the options readily available: 200µm core diameter step-index (Thorlabs FT200EMT, 0.39NA), 100µm core diameter step-index (Thorlabs UM22-100, 0.22NA), 100µm core diameter graded-index (Newport F-MLD, 0.29NA) and 50µm core diameter graded-index (Corning® ClearCurve®). Table 1 summarizes the V-number, defined as NA· ·2 / V a π λ = , where NA is the numerical aperture, a is the radius and λ is the wavelength, as well as the number of propagating modes of each MMF. All the fibers except the 50µm core graded-index one have a number of modes larger than the number of input modes of our setup controls. The length of all the fibers is ~1.5m.
To quantify robustness to distal tip perturbations, we analyze the variation of the focus intensity while the distal tip of the fiber is moved. First, we calibrate the MMF measuring the TM, followed by projection onto the DMD of a hologram calculated to create a focus at the distal tip. We place the distal tip of the MMF on a translation stage and move it in the x and y plane as shown in Fig. 2 . To obtain a more uniform speckle distribution at the output of the fiber we use a mode scrambler 20cm away from the distal tip. Additionally, the mode scrambler helps maintain the position of the rest of fiber fixed. We record the intensity of the focus for every 100µm of displacement. Figures 3 (a) and (b) shows the variation of the normalized focus intensity value. The solid line indicates the displacement from the origin and the dashed line indicates the displacement towards the origin to show we recover the original maxima. Both graded-index MMF show a more resilient focus intensity to movements up to 3 mm in both, x and y directions. A fully quantitative simulation of these results would require the specific profile of the fibers and the curvature function of each fiber. However, the result would be representative only for a given fixed curvature function. At a more fundamental level, these results can be explained using mode-coupling theory. If the bending produced to the MMF is a small perturbation, we can assume the shape of the eigenmodes in the bent region is (essentially) the same as in the straight part. The bending of the MMF can produce two effects: a change in the propagation constants of the modes in the bent fiber with respect to the straight fiber, and a coupling between propagating modes. The change in the propagation constants produces a small change in the output field since the perturbation is produced mostly at the end of the fiber. This effect is shown in Figs. 3(a) and 3(b) as the slow decrease of the peak intensity in both graded-index MMFs. To evaluate the difference in mode coupling between both types of MMF, we use the power mode-coupling equation [16] ( ) 
where n is the core refractive index, k is the wave number in free space, a is the radius, m is the mode family number, M 2 is the total number of modes, and ( ) Additionally, we test the validity of the calibration in a more uncontrolled case, namely when the fiber comes back to its original position after a perturbation. Figures 3(c)-3(g) show five snapshots of Visualization 3, corresponding to the intensity at the distal tip of the Newport F-MLD fiber as it is pressed with a finger and released. We observe the focus regains its primary enhancement without re-calibration.
Speckle intensity contrast and enhancement
We now investigate the relation between the fiber structure and the speckle pattern it produces, as well as the effect on wavefront shaping focusing enhancement. Examining the speckle pattern created by the various MMFs (Fig. 4) we observe different characteristic features. A common parameter used to characterize the speckle is the intensity contrast, C, defined as ,
where ... indicates an ensemble average and σ I denotes the variance of the intensity [18] .
A fully developed speckle created by the interference of a vast number of partial waves with phases uniformly distributed over 2π has associated a contrast value of 1. A lower value of C indicates deviations from this fully developed speckle regime and can be caused by the combination of a large number of phasors with a nonuniform phase statistics, which is usually referred as a partially developed speckle [19] . Because wavefront shaping combines multiple speckle output modes to create a bright focus, a higher contrast enables a larger constructive interference among different speckles, while a lower contrast produces the opposite effect and hence a lower intensity enhancement factor. We record the intensity of the light exiting the distal tip of the fiber for each Hadamard element projected in the DMD and calculate C for each intensity image. It is important to notice the polarizer between the distal tip of the fiber and the camera used to measure only one polarization. The pixel size in each case is smaller than the speckle grain. Figures 4(a)-4(d) shows the normalized intensity image of the speckle at the distal tip of different MMFs under similar illumination conditions (during the TM measurement). Undoubtedly, each fiber produces a speckle pattern that has distinctive contrast and intensity distributions. We calculate the mean contrast value for each MMF and display it at the bottom inset of each plot. From those values, we can determine that the graded index fibers (c) and (d), produce speckle fields closer to a fully developed speckle compared to the other two step-index fibers.
For each fiber we also calculate the mean enhancement for foci created at 1000 different output modes, each corresponding to a different location. As expected, there is a significant correlation between the intensity contrast and the mean focus enhancement.
Note also, that the focus spot size for each fiber is defined by the speckle grain size, which is determined by the wavelength and the NA of the fiber. In the four cases studied here this spot size is within 10% difference.
It is interesting to notice that while in modal noise experiments, the aim is to reduce the contrast to 0 and destroy the speckle structure to avoid errors [20] , in our case we look to maximize this contrast. 
Fluorescence microscopy
To demonstrate the feasibility of the MMF as an endoscope, we image different fluorescence samples. We select the Newport F-MLD due to the large diameter core and good performance in terms of enhancement and robustness. Once the measurement of the TM is finished, and the MMF calibrated, we create a focus at the distal tip in every output mode at a time. Figure  5 (a) shows a colormap of the peak to background ratio achieved in each of the 7392 foci points created at the distal tip using 4096 input modes. The plot reflects the intensity of the focus created is consistent and quite uniform, both characteristics required to have a working scanning microscope. After the calibration, we place a fluorescence sample ~100µm far from the distal tip, corresponding to the output plane where the MMF had been calibrated. We project all the input patterns corresponding to the scanning focus at the distal tip and measure the fluorescence signal that is emitted back through the fiber using an EMCCD. This approach converts the MMF into a scanning fluorescence microscope. The field of view of the endoscope is related to the core diameter, the numerical aperture and the distance from the distal tip to the imaging plane. In our experiment, the field of view is 80µm x 80µm. The numerical aperture of the fiber limits the size of the focus and ultimately the resolution achievable by the endoscope. Figure 5(b) shows an experimental image of a sample composed of 4µm diameter fluorescence beads, imaged with a fluorescence widefield microscope. Afterwards, we image the same sample using the MMF endoscope obtaining the image shown in Fig. 5(c) . The difference in the location of the intensity maxima between both images is because the beads lay in different planes. To demonstrate the endoscope can resolve the beads, Fig. 5(d) plots a line scan of two fluorescence beads pointed by the red and green arrows in Fig. 5(c) . The full with at half maximum of the line scans corresponds to 4.9µm. The spot size is uniform across the field of view as shown in Fig. 5(d) . Therefore, the corresponding point spread function of the system and the resolution is close to 2µm. Additionally, Figs. 5(e) and 5(f) show a more interesting and complex sample, a monkey brain slice labeled with Cy3, again imaged with a widefield fluorescence microscope and using the MMF endoscope respectively. The correspondence between both images demonstrates the capacity of the endoscope to image this type of samples. 
Discussion and conclusions
We experimentally demonstrated the feasibility of converting a single MMF into a fluorescence scanning endoscope. Although the MMF calibration is sensitive to external perturbation, the selection of the right fiber plays an important role. Comparing four different MMF (two step-index MMF and two graded-index MMF) we show that both graded-index fibers are more robust to displacements at the distal tip. Remarkably, the focus created after the calibration can withstand more than 3 mm translation of the fiber distal tip in the x and y directions. Similar experiments have shown robustness of the fiber to displacements along the axial direction as well [21] .
In addition, we showed the enhancement of a focus created with the TM information depends on the fiber characteristics. The number of propagating modes of the fiber is not as critical as the speckle contrast. Different MMFs create a speckle field with distinct intensity contrast. Examining the intensity contrast of the speckle we can infer how good the quality and enhancement of the focus will be. It is important to notice that, in our study, the gradedindex outperformed the step-index MMFs considered.
This study opens up the possibility to predict the performance of other MMFs based on the value of the intensity speckle contrast. A deeper study could reveal the relation of the statistics of the fiber speckle with its physical parameters, which could help predict the performance or guide the design of the optimal MMF.
Furthermore, the high-speed modulation offered by the DMD implementation is key to many imaging experiments such as in the use of calcium indicators for neuron activity studies [22] . Despite the current system using the EMCCD requires a few seconds to obtain the complete florescence image, updating the system with a fast photomultiplier tube and a data acquisition card would allow video frame rates as required for in-vivo experiments. Besides imaging only one axial plane, the system can also be extended to image multiple planes by calibrating the fiber at multiple output planes. This, in turn, allows scanning the focus in the axial direction by just modifying the input wavefront.
These results are promising towards the implementation of a MMF endoscope that could be used for example to image the brain in small rodents, with only a small part of the MMF introduced inside the animal.
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